Background Many factors affect the blood metal ion levels after metal-on-metal (MOM) hip arthroplasty. The main surgically adjustable variable is the amount of coverage of the head provided by the cup which is a function of the inclination and version angles. However, most studies have used plain radiographs which have questionable precision and accuracy, particularly for version and large diameter metal heads; further, these studies do not simultaneously assess version and inclination. Thus the relationship between version and blood metal ions levels has not been resolved. Questions/purposes We determined whether cup inclination and version influence blood metal ion levels while adjusting for age at assessment, gender, body mass index, horizontal femoral offset, head size, manufacturer hip type, and Oxford hip score. Patients and Methods We prospectively followed 100 individuals (51 females, 49 males) with unilateral MOM hip resurfacing who underwent clinical assessment, CT scanning, and blood metal ion measurement. Multiple regression analysis was used to determine which variables were predictors of blood metal ion levels and to model the effect of these variables. Results Only cup inclination, version angles, and gender influenced blood cobalt or chromium levels. Cobalt and chromium levels positively correlated with inclination angle and negatively correlated with version angle. The effect of changes in version angle was less than for inclination angle. Based on our observations, we developed a formula to predict the effect of these parameters on metal ion levels. Conclusions Our data suggest insufficient cup version can cause high blood metal ions after MOM hip arthroplasty. We were unable to show that excessive version caused high levels.
Introduction
A recent study showed MOM bearings were used for 35% of patients undergoing hip arthroplasties in the The institution of one or more of the authors (AH and JS) has received funding from the British Orthopaedic Association (BOA) through an industry consortium of nine manufacturers: Depuy, Zimmer, Smith & Nephew, Biomet, JRI, Finsbury, Corin, Mathys and Stryker. Each author certifies that his or her institution approved the human protocol for this investigation, that all investigations were conducted in conformity with ethical principles of research, and that informed consent for participation in the study was obtained. This work was performed at Imperial College London.
United States [5] . Typically, the levels of circulating metal ions, cobalt (Co) and chromium (Cr), increase to 10 times the levels found in individuals without hip arthroplasties [20] . This prompted the US Food and Drug Administration to insist on prospective monitoring of patient blood levels of Co and Cr when it approved MOM hip resurfacing devices in 2006 [38] and 2007 [39] . The UK Medicines and Health Regulatory Agency recently issued guidelines recommending the use of blood metal ion levels to investigate patients with MOM hip arthroplasties [32] .
The clinical effects of elevated metal ion levels include local tissue reactions [34] , characterized by increases in T and B cells in the tissues surrounding the hip, and are associated with premature failure of the hip [11] . Systemically, one report suggests reduced numbers of CD8-positive T cells [20] . Therefore, establishing the risk factors for high metal ions levels in patients with MOM hips is clinically important.
The wear rate of MOM implants in hip simulator studies is influenced by patient activity [4] , implant design [14] , and implant positioning [1] , factors that are common in all types of hip arthroplasties. Currently, the known clinical factors that affect metal ion levels include hip design [29] , cup inclination angle [12, 18, 28] , cup version angle [28, 29] , and head size [28] . In the case of version, the effect is uncertain in that it was dependent on femoral head size [28] or hip design and metal ion level used (Co or Cr) [29] . All studies concerning cup angles and metal ions used plain radiographic measurement [12, 18, 28] , which reportedly has lower accuracy and precision than CT [25] , particularly for version. One study quantifying the error between radiographs and 3-D CT for large-diameter MOM hips found two standard deviation limits of agreements of +7°t o À15°for cup inclination angle and +16°to À31°for cup version angle [19] . These were attributed partly to the cup face being obscured by the femoral head on plain radiographs and the accepted error of plain radiographs when compared with CT.
We therefore asked whether (1) the circulating level of blood metal ions was related directly to the 3-D orientation of the acetabular component in MOM hip arthroplasty and (2) these blood levels were related to any other devicespecific factors (component position, size, and type) or patient-specific factors (gender, body mass index (BMI), age, and Oxford hip score).
Patients and Methods
We prospectively followed 100 patients attending a MOM hip clinic who had unilateral MOM hip resurfacing from July 2003 to January 2007. These patients were inherited when an adjacent hospital closed. We chose patients who were at least 1 year postoperative to minimize the effect of ''running-in'' wear, which increases the blood metal ion level, before it reaches a steady state [3] . Our initial exclusion criteria included abnormal glomerular filtration rate (GFR) because the kidney clears the blood of Co and Cr ions. However, no patient had an abnormal GFR. We screened for the following occupations known to result in exposure to metal ions: welders and wood preservers. No patients had these occupations. We planned to recruit at least 10 patients for each variable studied (n = 9), thus aiming for a minimum of 90 patients [34] . The minimum followup was 1.5 years (mean, 3 years, range, 1.5-5 years). No patients were lost to followup. No patients were recalled specifically for this study; all data were obtained from medical records and imaging. The institutional ethical review board approved the study.
The most common type of MOM implant was the Birmingham Hip Resurfacing1 (BHR; Smith & Nephew, Warwick, UK) (n = 59). There were 35 patients with Cormet1 implants (Corin, Gloucestershire, UK), two with ASR1 implants (DePuy, Leeds, UK), one with a Durom1 implant (Zimmer, Winterthur, Switzerland), and one with a Magnum1 M2a implant (Biomet, Bridgend, South Wales, UK). The number of patients with ASR1, Durom1, and Biomet implants was small so their data were merged with data for patients with the Cormet1 implants to generate a nonBHR category for statistical analysis.
Our routine followup consisted of annual clinical review (history and examination) and plain radiographs of the hips (AP and lateral), but for the period of the study (January 2008 to January 2009) we added CT scanning, and wholeblood analysis of Co and Cr. We chose factors reportedly associated with metal ion levels after MOM hip arthroplasty [4, 27, 29, 37] . These factors were those that most orthopaedic surgeons would find relevant to the cause of high wear rates of hip arthroplasties: blood Co and Cr levels, cup inclination angle, cup version angle, component horizontal femoral offset (HFO), femoral head component size (head size), manufacturing type (hip type), Oxford hip score [9] as a measure of activity, age at assessment, gender, and BMI (Table 1) .
Whole-blood samples were collected in trace-element blood tubes (K2EDTA; Becton, Dickinson and Co, Franklin Lakes, NJ, USA) using the Vacutainer1 system (Becton, Dickinson and Co). These trace-element tubes are certified low for metals. This system uses a stainless steel needle. Stainless steel contains 11% Cr and no Co. A previous study showed there was no measurable metal contamination from the stainless steel needle. Samples were made anonymous and stored at À20°C. Standard operating procedures were established for Co and Cr measurement in biologic fluids using dynamic reaction cell inductively coupled plasma mass spectrometry (DRC-ICPMS) (PerkinElmer Elan1 DRCII; PerkinElmer, Waltham, MA, USA).
Low-radiation dose CT scanning was performed with 0.75-mm collimation (high resolution) and artifact minimization software (16 bit data processed on an extended scale), both of which enabled observation of the detail required to separate the metallic cup face from the largediameter metallic femoral head. The radiation dose of this pelvic CT scan protocol was 1.7 mSv, equivalent to 8 months of background radiation. The radiation dose of a traditional pelvic CT scan is 10 mSv.
Acetabular inclination and version angles were measured using previously validated computer software [23] , from Digital Imaging and Communications in Medicine (DICOM) images of CT scans of the pelvis. Using a 3-D reconstruction software package (Robin 3D softwareÓ; Robin Richards, London, UK) [7] the position of the pelvis was aligned with the anterior pelvic plane (APP). The plane of the cup face then was labeled using 20 computerselected points around the edge of the cup face (Fig. 1) . The plane of the cup face then was compared with (1) a transverse (or axial) plane orthogonal to the APP to determine the inclination angle (which is seen when viewed AP) and (2) the sagittal plane (also orthogonal to the APP, but also orthogonal to the transverse plane) to determine the version angle (which is seen when viewed axially). There were weak and positive correlations (r = 0.42, R2 = 0.18) between inclination and version ( Fig. 2 ). All patients had well-fixed components observed on plain radiographs. However, some patients had substantial hip pain as shown by the range of values of the Oxford hip score ( Table 1 ). The inclusion of the hip score data in the multiple regression analysis therefore was important to determine whether this was a confounding factor. Only two patients had the combination of low version (\ 5°) with high inclination ([ 50°).
We determined whether inclination and version angles determine Co and Cr levels adjusting for age at assessment, gender, BMI, component HFO, head size, implant type, and Oxford hip score. The issues of how many variables should be used in the model and what is a good model are complex. There are accepted rules of thumb to estimate sample size. Our chosen method was one of these [35] . Statistical analysis was performed using two separate analyses: one for Co and another for Cr. The models used for analyses were (multiple) linear regression and multivariate linear regression. Co and Cr also were analyzed simultaneously as we assumed the levels would correlate. This procedure provides regression analysis and ANOVA for multiple dependent variables (the outcome variables, Co and Cr) by one or more factor variables or covariates (the variables believed important in determining the wear rate of hip arthroplasties and therefore the blood metal ion level). Variables that were nonsignificant in the multivariate linear regression model were eliminated from the final model. The modeling and estimation of the effects of interest were performed using SPSS1 16 (SPSS Inc, Chicago, IL, USA). The level of significance used was 5%. We used the natural logarithm of Co and Cr. This transformation was needed because the scatterplots of Co and Cr versus inclination and version showed increasing variance with increasing angle, violating the assumption of constant variance in regression analysis. 
Results
The circulating level of blood metal ions after MOM hip arthroplasty was related directly to the 3-D orientation of the acetabular component and gender but not BMI, femoral head size, or hip type. Initial inspection of the data using scatterplots revealed a wide range of metal ion levels, inclination, and version with only weak relationships between metal ion levels and either cup angle. Metal ion levels positively correlated with inclination ( Table 2) but negatively correlated with version (Table 3) . One interpretation is that insufficient version (\ 10°) was associated with high metal ion levels, and we were unable to show a positive relationship for excessive version ([ 20°). Inclination and version were positively correlated (r = 0.42). The multivariate analysis allowed the effects of the factors and covariates to be tested on the two responses simultaneously. Inclination, version, and gender had a greater estimated effect on Co levels ( Table 2 ) when compared with Cr levels ( Table 3) . The relationship between metal ion levels and inclination was exponential, with a sharp increase in metal ions when the inclination angle was greater than 45°. For a unit increase in inclination, the average level of Co changes by a factor of 1.045, or a 4.5% increase (equivalent to an increase of e 0.044 or EXP(0.044)) ( Fig. 3) . For a unit increase in inclination, the average level of Cr changes by a factor of 1.033, or a 3.3% increase (equivalent to an increase of e 0.032 or EXP(0.032)) ( Fig. 4) . The relationship between metal ion levels and version was negatively exponential, with a sharp decrease in metal ions when the version angle was less than 20°. For a unit increase in version, the average level of Co changed by a factor of 0.975, or a 2.5% decrease (equivalent to a decrease of e À0.025 or EXP(À0.025)) ( Fig. 3) . For a unit increase in version, the average level of Cr changes by a factor of 0.980, or a 2.0% decrease (equivalent to a decrease of e À0.020 or EXP(À0.020)) ( Fig. 4) .
A separate comparison of the BHR and Cormet implants did not improve the borderline effect of hip type on blood metal ion levels.
The formulas for the final statistical models were (with the variable gender equal to 1 for females and 0 for males): Cobalt = EXP(À1.067 +0.517*Gender +0.044*Inclination À0.025*Version); and Chromium = EXP (À0.643 +0.628*Gender +0.032*inclination À0.020*version). Discussion MOM hip arthroplasty is a commonly performed operation [5] . Pain and failure of MOM hip arthroplasty, which has been attributed to increased wear rate and pseudotumor formation [25, 26] , are associated with higher blood metal ion levels when compared with those of patients with wellfunctioning hips [20] . The main surgically adjustable variable is cup inclination, but the effect of cup version is much less certain (Table 4) , possibly because plain radiographic measurement of version has low validity [25] .
We therefore asked whether (1) the circulating level of blood metal ion levels was related directly to 3-D orientation of the acetabular component in a MOM hip arthroplasty, and (2) these blood levels were related to any other device-specific factors (component position, size, and type) or patient-specific factors (gender, body mass index, age, and Oxford hip score).
Our study has limitations. First, not all variables that affect wear rate were studied. However, we did study nine different relevant factors. Second, it is difficult to quantify Fig. 3A-B The relationship between blood Co levels and cup angles is shown by two line plots of the final statistical model. The estimated blood Co levels (ppb) for a given (A) inclination angle with all other explanatory variables kept constant and version set at the median for the data of 24.1°, and (B) for a given version angle with all other explanatory variables kept constant and version set at the median for the data of 48.2°are shown. Fig. 4A-B The relationship between blood Cr levels and cup angles is shown in line plots of the final statistical model used to estimate blood Cr levels (ppb) for a given inclination angle with all other explanatory variables kept constant and the version set at the median for the data of (A) 24.1°, and (B) 48.2°. patient activity. Nevertheless, the Oxford hip score is a surrogate measure of patient activity [9] because it provides information regarding walking time, shopping, housework, and stair climbing. Third, we studied several hip designs with different cup articular arc angles (CAAA) [37] . However, with the exception of the two ASRs, all the remaining hips had a CAAA of 161°± 4°. The effect on the version will be half this difference and probably is less than the error in measurement method of plain radiographs when compared with CT. Nevertheless, it is difficult to generalize our findings to all types of MOM implants. Fourth, we did not measure the effect of femoral version and combined (femoral and acetabular) version on metal ion levels. Last, studies such as the current one always will be limited by the number of patients with an extreme cup inclination and version. Although we were able to study a wide spread of values, the majority (65 cases) were within 10°of the safe zone suggested by Lewinnek et al. [30] .
Our study contributes three findings concerning the relationship between blood metal ion levels and 3-D cup position. First, the association between metal ion levels and cup inclination was exponential (rather than a threshold). This agrees and builds on the current literature (Table 4) . Second, cup version was negatively correlated with metal ion levels. Finally, we found no effect of femoral offset, manufacturer type, and head size as a predictor of metal ion levels [33] . Many studies report blood metal ion levels after MOM hip arthroplasty [2, 6, 8, 10, 15-17, 20-22, 24, 29, 36, 40, 41] . Our use of 3-D CT with extended scale scanning distinguished our study from the others and allowed us to view the cup face plane without the large diameter femoral head being obscured and to measure its position relative to the anterior pelvic plane. The exponential relationship between metal ions and inclination angle explains the reported cut-off levels of 55° [12] and 50° [18] cup inclinations. Our findings for insufficient version (\ 10°) were similar to those found by Langton et al. [29] , but our finding for excessive version ([ 20°) was different. However, Desy et al. [13] reported no correlations between acetabular version angle and metal ion levels despite the analysis of many factors. It is possible that their univariate analysis of radiographically calculated version angles limited their interpretation. It is possible to clinically explain our results: high version causes posterior impingement and reduces activity. Hip simulators may clarify the relationship with version/ impingement more completely, but there currently is no published study. Our study is concordant with studies of ceramic-on-ceramic hips: insufficient version (\ 15°) was associated with failure [42] and high wear rate [31] . Thus, insufficient or excessive version may contribute to a poor clinical outcome [28] , but the mechanism is unlikely to involve increased blood metal ion levels.
Our finding that females had higher blood metal ion levels than males while adjusting for the other eight variables (including femoral head size) is interesting. It is possible that our study is underpowered for the confounding variables of head size and gender (ie, women are smaller than men). The UK National Joint Registry showed females had double the risk of failure of MOM hip resurfacing when compared with males [33] . The optimum cup position will be based on more than blood metal ion results, for example, patient factors such as impingement, distorted femoral anatomy, and pelvic tilt, and design variables. The patient with the highest blood metal ion levels (322 ppb and 151 ppb of Co and Cr, respectively) had an unfortunate combination of risk factors for high metal ion levels: 70°inclination, an ASR hip prosthesis, and female gender. Neurophysiologic and cardiac testing found no abnormalities. Revision was performed for unexplained pain and the patient's metal ion levels returned to normal by 12 months after surgery. Our observations of patients with MOM hip arthroplasties help clarify the relationship between cup inclination and version angles on blood metal ion levels: insufficient and not excessive cup version appear to contribute to high blood metal ion levels.
